histone marks, and an interacting splicing regulator (Fig. 5D) . Such complexes are a means for epigenetic information to be transmitted to the premRNA processing machinery and probably act by favoring the recruitment of specific splicing regulators to the pre-mRNA, thus defining splicing outcome. We show here that for a subset of PTBdependent genes, this adaptor system consists of H3-K36me3, its binding protein MRG15, and the splicing regulator PTB. It is tempting to speculate that other combinations of adaptor systems exist that act on other types of alternatively spliced exons. Physical interaction between several chromatin-associated proteins and splicing components has been reported (9, 14) . Our results are in line with recent indirect evidence based on genome-wide mapping of histone modifications for a role for chromatin structure and histone modifications in exon definition and alternative splice site selection (5, 13, (15) (16) (17) (18) (19) .
Although our observations argue for a direct link between histone modifications and the splicing machinery, histone marks may also affect splice site choice indirectly. Extensive evidence demonstrates a role for RNA polymerase II elongation rate or higher-order chromatin structure in splicing outcome, and it is likely that histone modifications act in concert with these mechanisms (6) (7) (8) (10) (11) (12) . Based on our findings, we propose that the epigenetic memory contained in histone modification patterns is not only used to determine the level of activity of a gene but also transmits information to establish, propagate, and regulate AS patterns during physiological processes such as development and differentiation.
Protein lysine acetylation has emerged as a key posttranslational modification in cellular regulation, in particular through the modification of histones and nuclear transcription regulators. We show that lysine acetylation is a prevalent modification in enzymes that catalyze intermediate metabolism. Virtually every enzyme in glycolysis, gluconeogenesis, the tricarboxylic acid (TCA) cycle, the urea cycle, fatty acid metabolism, and glycogen metabolism was found to be acetylated in human liver tissue. The concentration of metabolic fuels, such as glucose, amino acids, and fatty acids, influenced the acetylation status of metabolic enzymes. Acetylation activated enoyl-coenzyme A hydratase/3-hydroxyacyl-coenzyme A dehydrogenase in fatty acid oxidation and malate dehydrogenase in the TCA cycle, inhibited argininosuccinate lyase in the urea cycle, and destabilized phosphoenolpyruvate carboxykinase in gluconeogenesis. Our study reveals that acetylation plays a major role in metabolic regulation. P rotein acetylation has a key role in the regulation of transcription in the nucleus (1) , but much less is known about nonnuclear protein acetylation and its role in cellular regulation. To investigate non-nuclear protein acetylation, we separated human liver tissues into nuclear, mitochondrial, and cytosolic fractions. Proteins in cytosolic and mitochondrial fractions were digested with trypsin and acetylated peptides were purified with an antibody to acetyllysine (fig. S1). The purified peptides were analyzed by tandem liquid chromatography-tandem mass spectrometry (LC/LC-MS/MS). From three independent experiments, we identified more than 1300 acetylated peptides, which matched to 1047 distinct human proteins (table S1), including 703 proteins not previously reported to be acetylated. A previous report identified 195 acetylated proteins from mouse liver (2) , and 135 (70%) of these were also present in our data set (Fig. 1A) , indicating that our proteomic analysis reached a high degree of coverage. Choudhary et al. very recently reported the identification of 1750 acetylated proteins from a human leukemia cell line (3), but only 240 of these were present in our data set (Fig. 1A) . Comparison of these three acetylome data sets indicates that the spectrum of acetylated proteins is highly conserved in the liver between mouse and human, but is very different between liver and leukemia cells.
We compared the acetylated proteins with the total liver proteome and discovered that enzymes that participate in intermediate metabolism were preferentially acetylated (Fig. 1B) . Indeed, almost every enzyme in glycolysis, gluconeogenesis, the TCA cycle, the urea cycle, fatty acid metabolism, and glycogen metabolism was acetylated (Fig. 1 , C to G). The high occurrence of metabolic enzymes identified in our MS analysis is apparently not due to the abundance of these proteins, because only a few ribosomal proteins (7 of approximately 80 cytosolic ribosomal proteins) were acetylated (table S1). These results indicate a previously unrecognized and potentially extensive role of acetylation in regulation of cellular metabolism. Therefore, we investigated the effect of acetylation on representative enzymes from four metabolic pathways.
Enoyl-coenzyme A hydratase/3-hydroxyacylcoenzyme A (EHHADH; EC code 1.1.1.35) catalyzes two steps in fatty acid oxidation (Fig. 1E ) (4, 5) , and its deficiency causes abnormal fatty acid metabolism (6 (Fig. 2B) , respectively. Consistently, the corresponding unacetylated peptides were decreased by TSA and NAM treatment. These results show that a substantial portion of EHHADH is acetylated and that EHHADH acetylation can be dynamically regulated in vivo.
To determine the effect of acetylation on enzymatic activity, we treated cultured Chang human liver cells with TSA and NAM and detected a doubling of endogenous EHHADH activity (Fig.  2C ). Similar observations were also made with ectopically expressed EHHADH in HEK293T cells (Fig. 2C, right panel) . Acetylation of an EHHADH 4KQ mutant, which had the four putative acetylation lysine residues replaced by glutamine, was decreased ( fig. S2C ) and its activity was no longer regulated by TSA and NAM (Fig.  2C) . Addition of fatty acids to the culture medium increased acetylation and activity of EHHADH by factors of 1.7 and 1.3, respectively ( Fig. 2D  and fig. S2D ). Thus, acetylation of EHHADH can be regulated by extracellular fuels; this finding supports a physiological role of acetylation in the regulation of EHHADH and fatty acid metabolism. All seven enzymes in the TCA cycle were acetylated ( Fig. 1C and table S1 ; tables S2 and S3). Ectopically expressed MDH was acetylated and its acetylation was increased by a factor of 2.4 in cells treated with TSA and NAM (Fig. 2E and  fig. S2E ). To quantify MDH acetylation, we performed Fourier transform ion cyclotron resonance (FTICR) MS. This approach identified the unmodified full-length MDH and two additional peaks, each with a mass increment of 42.01 daltons, corresponding to mono-and diacetylation (Fig. 2F) . When cells were treated with TSA and NAM, MDH acetylation was increased from 26.9% to 67.4% with the appearance of tri-and tetraacetylated forms. Subsequent MS/MS analysis confirmed three of four previously identified acetylation sites ( fig. S2F and table S1 ). These data indicate that acetylation is the predominant form of modification and that a substantial fraction of MDH can be acetylated in the cell.
Exposure of cells to high concentrations of glucose enhanced MDH acetylation by 60% (Fig.  2G and fig. S2G ). Inhibition of deacetylase doubled endogenous MDH activity in Chang liver cells (Fig. 2H) . Consistently, treatment with TSA and NAM activated the wild-type MDH but not the MDH 4KR mutant, in which the four acetylation lysine residues were replaced with arginine, in transfected HEK293T cells (Fig. 2H) . Furthermore, in vitro deacetylation of immunopurified MDH by CobB deacetylase decreased MDH1 activity (Fig. 2I) , indicating that acetylation directly activates MDH. Moreover, high glucose concentrations stimulated enzyme activity of both endogenous and ectopically expressed MDH but had little effect on the MDH 4KR mutant (Fig. 2J ). These observations indicate that glucose-induced activation of MDH is mediated at least in part through acetylation.
The urea cycle is indispensable for detoxification of ammonium, a product of amino acid catabolism. Mutations in argininosuccinate lyase (ASL; EC code 4.3.2.1) cause argininosuccinic aciduria, the second most common neonatal disorder due to urea cycle malfunction in humans (7). We identified two acetylated peptides in ASL-Lys 69 and Lys 288 ( Fig. 1F and table S2)-and confirmed the acetylation of ectopically expressed ASL (Fig. 3A  and fig. S3A ). Western blotting with an antibody to acetylated Lys 288 showed a factor of 2.8 increase of ASL Lys 288 acetylation in cells treated with TSA and NAM ( Fig. 3B and fig. S3B ). Addition of extra amino acids decreased both total and Lys 288 acetylation ( Fig. 3C and fig. S3C ). An enzymatic assay showed that ASL activity decreased in cells treated with TSA and NAM treatment but increased in cells exposed to amino acids, supporting an inhibitory effect of acetylation on ASL activity (Fig. 3, D and E) . The activity of the Lys 288 → Arg mutant ASL K288R was refractory to inhibition by TSA and NAM (Fig.  3D ) or activation by amino acids (Fig. 3E) . The ASL K288R mutation did not alter global protein structure, as determined by limited proteolysis and circular dichroism analyses ( fig. S3, D and E) . Therefore, extra amino acids appear to activate ASL by decreasing acetylation of Lys 288 . The urea cycle is coupled with the TCA cycle because fumarate generated from the urea cycle can be fed into the TCA cycle for energy production or gluconeogenesis (8) . We therefore determined the effect of glucose on ASL activity and acetylation. Glucose increased acetylation of ASL by a factor of 2.7 ( Fig. 3F and fig. S3F ) and decreased activity of ASL by 50% (Fig. 3G) . In vitro incubation of ASL immunopurified from (Fig. 3H) , supporting a direct role of acetylation in ASL inactivation. The dual regulation of ASL by both amino acids and glucose indicates that acetylation may have an important role in the coordination of metabolic pathways. In the presence of sufficient glucose, amino acid catabolism for energy production and gluconeogenesis would be inhibited. In the presence of abundant amino acids and low glucose, cells would switch to using amino acids for energy production with enhanced urea cycle activity. Cells may use acetylation to coordinate multiple pathways in order to achieve these metabolic adaptations Phosphoenolpyruvate carboxykinase 1(PEPCK1; EC code 4.1.1.32) is a key regulatory enzyme in gluconeogenesis ( Fig. 1D) (9, 10) . Three acetylated lysine residues were identified in PEPCK1 by MS analysis (Lys ; table S2). Acetylation of PEPCK1 was enhanced in cells treated with high concentrations of glucose ( Fig. 4A ) but was decreased by addition of amino acids in glucosefree medium (Fig. 4B) . These results suggest a potential mechanism by which cells could regulate gluconeogenesis through regulating acetylation of PEPCK1 in response to the availability of extracellular fuels.
In searching for an effect of acetylation on the regulation of PEPCK1, we noticed that levels of endogenous PEPCK1 protein were decreased by high glucose (Fig. 4C) . Furthermore, treatment with TSA and NAM caused a 70% reduction in the amount of PEPCK1 protein in both HEK293T and Chang liver cells (Fig. 4D ). PEPCK1 was stable in cells in glucose-free medium but unstable in high-glucose medium (Fig. 4E ). When cells were treated with TSA and NAM, PEPCK1 was unstable even in glucose-free medium or in the presence of amino acids. These results indicate that acetylation may regulate the stability of PEPCK1. We replaced the three putative acetylation lysine residues by arginine (PEPCK1 3KR ) or glutamine (PEPCK1 3KQ ) to abolish or mimic acetylation, respectively. The PEPCK1 3KR mutant was more stable than the wild type, whereas the PEPCK1 3KQ mutant remained unstable (Fig. 4F) . Moreover, treatment of cells with TSA and NAM failed to destabilize the PEPCK1 3KR mutant. The importance of lysine acetylation in the regulation of chromatin dynamics and gene expression is well appreciated. Our study and others extend the scope of cell regulation by lysine acetylation to an extent comparable to that of other major posttranslational modifications such as phosphorylation and ubiquitination. We show that most intermediate metabolic enzymes are acetylated and that acetylation can directly affect the enzyme activity or stability. We found that acetylation of metabolic enzymes changed in response to the alterations of extracellular nutrient availability, providing evidence for a physiological role of dynamic acetylation in metabolic regulation. The mechanism of acetylation in regulating metabolism may be conserved during evolution. Many metabolic enzymes in Escherichia coli are acetylated, although the functional importance of these acetylations has not been investigated (11) . We propose that lysine acetylation is an evolutionarily conserved mechanism involved in regulation of metabolism in response to nutrient availability and cellular metabolic status. Acetylation may play a key role in the coordination of different metabolic pathways in response to extracellular conditions. valuable inputs throughout this study and S. 1, 2) . It also plays an extensive role in regulation of metabolic enzymes through various mechanisms in human liver (3) . In prokaryotes such as Salmonella enterica, reversible lysine acetylation is known to regulate the activity of acetyl-coenzyme A (CoA) synthetase (4). To determine how lysine acetylation globally regulates the metabolism in prokaryotes, we determined the overall acetylation status of S. enterica proteins under either fermentable glucose-based glycolysis or under oxidative citrate-based gluconeogenesis. By immunopurification of acetylated peptides with antibody to acetyllysine and peptide identification Cells were broken by Dounce homogenizer with 20 strokes on ice.
2. Homogenized samples were centrifuged at 2000g for 20 minutes at 4°C in horizontal buckets with Eppendorf 5180 centrifuge; pellet and supernatant were separated and subjected to further treatments.
3. Pellet was re-suspended in 10 ml PBS supplemented with deacetylase inhibitors as described above, the suspension were sonicated on ice for 10 minutes with Sonics Ultra Cell ultrasonic apparatus at energy of 50 watts. The resulting suspension was centrifuged at 20,000g in Beckman Avanti J 25 centrifuge for 60 minutes.
Supernatant, which should contain the majority of nuclear proteins, was kept and the pellet was discarded.
4. Supernatant from step 2 was centrifuged at 10,000g for 60 minutes in Beckman Avanti J 25 centrifuge, the supernatant and pellet were separated by carefully removal of supernatant with pipette, both fractions were kept for further treatments; 5. Pellet from step 4 was washed by re-suspending in PBS supplemented with deacetylase inhibitors and centrifugation. The pellet was re-suspended in 5ml mitochondria lysis buffer (IMGENX) supplemented with deacetylase inhibitors. After sonicated for 5 minutes on ice, the resulting solution was centrifuged at 20,000g for 60 minutes , the supernatant, which containing mitochondrial proteins, was kept and the pellet was discarded.
6. The supernatant fraction of step 4 is subject to ultracentrifugation at 100,000g for 120 minutes; both supernatant and precipitate were subjected to further treatments.
Proteins in supernatant from
Step3, 5 and 6 were each precipitated with 80% ice cold acetone. Protein pellet was collected by centrifugation and washed with ice cold 80% acetone one time. Pellet from step 6 contains mainly containing membrane proteins, was washed with 80% ice cold acetone. All acetone precipitated proteins were vacuum dried.
Digestion, peptide enrichment and MS analysis
1. Dried protein pellets were reconstituted in 100 mM ammonium bicarbonate and protein concentrations was determined by BioRad protein assay solution. Proteins were digested with trypsin overnight with gentle shaking at 37°C with a trypsin/protein ratio of 1/50. After overnight digestion, additional trypsin was added to the digestion mixture with a trypsin/protein ratio of 1/500 and incubated at 37°C for another [3] [4] hours. The trypsin in the digestion reaction was inactivated by heating at 99 0 C for 5 minutes. The solution was cleared by centrifuge at 10,000 g on desktop centrifuge, solution was vacuum dried two times to remove bicarbonate salts.
2. Anti-acetyllysine antibody was conjugated to protein A beads (Upstate) by mixing 100 μl antiserum (home made) with 50 μl protein A beads in 500 μl pH 7.5 PBS.
Conjugated beads were washed by pH 7.5 PBS three times after the conjugation was carried out at 4°C for 3 hours with gentle shaking. 4. The bound peptides were eluted by 0.1% trifluoroacetic acid.
5. The resulting peptides were assayed by continuously separated by SCX followed by C18 columns (Dionex) before being subjected to MS/MS analysis in an LTQ-Orbitrap mass spectrometer (Thermo Electron, Bremen, Germany).
6. The MS data were initially searched against the NCBI database with the aid of the Sequest search engine. Searches for acetylated peptides were done against human proteins database. Two searching approaches were taken: either only single charged fragments were allowed in searching or both single charged and multiple charged fragments were allowed in searching. To collect positive hits, the following selection thresholds were applied: mass accuracy: 5ppm, delta cn: 0.1, primary score: 200, rsp:
5. Those peptides having scores (XC) above 1.5, 2.0 and 2.5 for ion charges at +1, +2 and +3 and higher were automatically selected as positives identification.
Peptides with marginal scores were under manual spectra examination to be included in the positive list. The data from three experiments were combined. Tween-20 and 1% peptone (AMRESCO) was used for blocking and 50 mM Tris (pH 7.5) with 0.1% peptone was used to prepare primary and secondary antibodies.
Endogenous enzyme assay was carried out by substrate depletion approaches (2).
In principle, substrates for a given enzyme in cell lysate were depleted by adding excessive amount of all other substrates except one of them. After the reaction reached equilibrium, the left out substrate is added and endogenous enzyme activity was determined. Biosciences Ultrospec p3100 pro spectrophotometer. In a standard assay for the forward reaction, the reaction mixture contained 50 mM Tris/HCl buffer, pH 7.5, 0.2 mM fumarate, 1 mM arginine and immuno-precipitated argininosuccinate lyase in a total volume of 0.3 ml.
Purified enzyme assays

Enoyl-Coenzyme
Enzyme concentration determination. Protein concentrations were determined by
Bradford method using Biorad reagents. Relative enzyme concentrations for immuno-procipitated enzymes were quantified by measuring the band intensity of western blots by using Amersham Bisciences ImageQuant TL 2005v software.
iTRAQ quantification:
Peptide preparation: FLAG-EHHADH protein was expressed from 293T cells treated with or without NAM+ TSA. Protein was purified by FLAG IP and resolved on 10% SDS PAGE and stained by coomassie blue. The amount of protein was estimated by band intensity. Protein bands were sliced and dye was removed by soaking in 50 mM NH 4 HCO 3 with 50% acetonitrile. The resulted gel slice was soaked in 100 μl water to remove salts followed by soaking in acetonitrile to remove water.
The gel slice was then dried in 37 0 C incubator and was digested in 100 μl 50 mM (NH 4 )HCO 3 with trypsin (trypsin:protein at 1:30) and incubated at 37°C overnight.
The resulted peptides were extracted by a solution containing 50% acetonitrile and 0.1% trifluoroacetic acid (TFA) followed by vacuum dry.
Synthesize of internal control peptides: two pairs of peptides, shown in Fig. 2B , corresponding to the acetylated and unacetylated peptide pairs in EHHADH, were synthesized and purified to >99% purity. MS analysis and data process: equal amount (5 nmole, equal molar ratio) of 114,116 and 117 labeled samples were mixed and subjected to LTQ-OrbiTrap (Thermal) analysis under PQD mode. The resulted MS spectra were used to determine the peptide identity and abundance of each peptide in the same spectrum.
Labeling of samples
Relative abundance of a peptide was calculated by comparing the intensity of the corresponding tag. The absolute quantification was calculated by comparing to the internal control peptides. The sum of the acetylated and unacetylated peptide for each pair was set as 100%. Relative abundance of acetylated peptide and unacetylated peptide in HDAC inhibitor treated and untreated EHHADH are shown in 
μESI-FTICR-MS Analysis
MDH tagged with 3 copied of FLAG epitope (MDH-3xFLAG) was expressed in HEK293T cells and immunopurified using FLAG antibody (M2, Sigma) and eluted by a low pH glycine buffer. A small portion of eluted samples were examined by both silver staining and western blotting using anti-FLAG antibody. Eluted samples were then analyzed by a top-down approach on a FTICR mass analyzer. Acetylated peptides identified through only single charged fragments search and through both single charged and multiple charged fragments search are indicated.
Green color marks proteins that are reported to be acetylated by proteomic study done with mouse liver samples. Red color marks acetylated proteins that have been previously studied and most are nuclear proteins. Although the cytoplasmic and mitochondrial fractions were analyzed, nuclear proteins were also found in our ms analysis, indicating some contaminations during the subcellular fractionation.
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